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Abstract. The Loma Prieta earthquake of 1989 pro- 
vided an opportunity for a sensitive test of suggestions 
that earthquakes may be preceded by variations in Earth 
tidal strain amplitudes. Such variations have been pro- 
posed as providing an advantageous technique for detect- 
ing precursory chkuges in elastic parameters in a seismo- 
genic zone. We have analyzed data from two borehole 
strainmeters continuously operating within 40 km of the 
epicenter and within about 10 km of the southern end of 
the rupture. We are unable to identify any precursory 
changes in M2 and O 1 tidal amplitudes and estimate that 
any large scale changes in Young's modulus must have 
been less than about 2%. If these results apply gener- 
ally, we would conclude that variations in elastic material 
properties prior to earthquakes do not occur throughout 
substantial volumes of the subsequent hypocentral region. 

Introduction 

Nishimura (1950) first suggested that changes in Earth 
tidal response might be a useful method for monitoring 
crustal elastic properties and perhaps predicting earth- 
qumes. A number of other studies have been made on 
time variations of tidal amplitudes in seismically active 
regions (e.g. Mikumo et al., 1978; Karo, 1979; Mao •t aI., 
1989) but none of these has provided strong evidence to 
support or refute the usefulness of the technique for ear,h- 
quake prediction. Finite element analysis techniques have 
been used (Beaumont and Berger, 1974; Tanaka, 1976) to 
calculate tid• response a•omalies as a function of changes 
in elastic properties of various shaped source regions. 

The Loma Prieta earthquake (Mr. 7.1) of October 18, 
1989 is the largest California earthquake in recent years, 
a•d is the largest to occur relatively close to any of •he 
continuous strain monitoring sites in California. Else- 
where (Johnston et at, 1990) we have reported on a lack 
of observed short term strain precursors to this earth* 
quake. Johnston and Linde (1990), in prelimin•y anal- 
ysis of data from one of these sites, have reported on • 
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precursory tidal amplitude anomaly for this earthquake 
but that e•rlier analysis included then undetected arti- 
facts in the data. We have now analyzed the data from 
both sites in order to determine if any significant changes 
in tidal amplitudes occurred during the several years pre- 
ceding the earthquake. 

Initial plans for borehole strain instrumentation in the 
San Juan Bautista area, just to the south of the Loma 
Prieta break, called for the installation of a modest net- 
work of 5 to 7 sites. Unfortunately, due to a variety of 
constraints, only 3 sites were installed; 2 were in opera- 
tion during the period studied here. These instruments 
are a tensor (three component) strainmeter (Gladwin et 
al, 1986) and a Sacks-Evertson strainmeter (dilatometer) 
(Sacks et al, 1971). The instrument sites and their rela- 
tion to the earthquake fault are shown in Figure 1. The 
tensor instrument (SJT) is 38 km from the epicenter and 
the dilatometer (SRL) is a little closer (33 kin). 

The data from the instruments are collected in Menlo 

Park via satellite digital telemetry (Silverman et al, 1989). 
SJT is sampled every 18 minutes, SRL every 10 minutes. 
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Fig. 1. Map showing the two borehole strainmeter sites 
SRL and SJT in relation to the fault break of the Loma 
Prieta earthquake. The two smaller e•rthquakes marked 
are the Lake Ellsman events of 1988 a•nd 1989. 
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Both instruments have more than adequate sensitivity 
and frequency response to ensure that the Earth tides 
ca•u be detected and recorded with good precision. 

Analysis 

We have concentrated our analysis of the strain data on 
the approximately two years preceding the earthquake. 
Our conclusions apply to earlier data also but for a va- 
riety of technical reasons (post installation effects, vari- 
ous instrument modifications and less reliable telemetry) 
the earlier data exhibit greater variability. For the period 
shown in the plots, SJT has been operating without mod- 
ification and the data stream has been consistently reli- 
able and undisturbed by site visits. A number of problems 
have complicated the record from SI{L; we have removed 
from the data artifacts introduced by various site visits, 
although (see below) we have reason to believe that, after 
mid March 1989, the data from SRL may have been sub- 
jected to a slowly decreasing effective gain; during 1990 a 
steady decrease in gain became apparent. 

The tidal analyses have been carried out using two inde- 
pendent procedures; a linear least square inversion (Glad- 
win et aI, 1985) and the BAYTAP(G) routine based on 
Bayesian statistics (Ishiguro eta!, 1984). Excellent agree- 
ment was obtained for the calculated tidal amplitudes. 
We have performed a variety of tests with both real and 
synthetic data to ensure that the results are reliable and 
robust. Time variations of the M2 and O1 tidal ampli- 
tudes from the two sites are shown in Figure 2. We have 
used 60 day windows for the analysis, with sequential win- 
dows sliding forward by $0 days. The time tag associated 
with each analysis is taken as the midpoint of the window. 
From the SRL site we get estimates of the dilatational 
strain. The SJT instrument gives three components of 
strain; as plotted these are defined by: 

with x axis east and y axis north. Note that all of the 
traces are characterized by long term constancy of both 
the M2 and O 1 amplitudes. Formal error bars (1 standard 
deviation) are given for all points and in some cases, par- 
ticularly for the larger amplitude signals, the error bars 
are obscured by the point symbol. In general, as one 
would expect, the errors are larger for the smaller ampli- 
tude signals, which are all shown at their absolute levels. 
Confidence in the reliability of our measurements is also 
enhamced from the fact that the amplitude ratios of M2 
to O1 for all components are in good agreement with the 
theoretically calculated ratios. Pot all the tidal amplitude 
signals, there are no variations which can be considered 
significant in the 2 years preceding the earthquake. The 
standard deviations of these values are about 1% for the 
M2 • and V amplitudes, about 2% for the corresponding 
O1 amplitudes and somewhat larger for the lower ampli- 
tude tidal components. We estimate the threshold for de- 
tecting departures from constant values as being at about 
the 2% level. 
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Fig. 2. Earth tidal strain amplitudes, for tidal comp• 
nents M2 and 01, as a function of time at the sites Sl{L 
and SJT shown in Figure 1. Error bars are for one stan- 
dard deviation. The long vertical dashed line marked LP 
indicates the time of the Loma Prieta earthquake. The 
shorter dashed lines, marked ,, show the time of an dec- 
tronic change at Sl%L (see text). From 1990, Sl%L data 
have been gain corrected (using atmospheric pressure re 
sponse) and are shown dashed with open circles (also see 
text). The larger values near the end of the SRL traces 
parently result from an overcorrection. We find no signi[ 
icant variations in these amplitudes preceding the earth- 
quake. Note also that the earthquake has not produced 
any significant coseismic or postseismic effect on tidal am- 
plitudes. 

During 1990, SRL has been characterized by a clear 
steady decrease in gain due to the accumulated effects 0! 
a 1987 downhole leak in the cable or at the cablehead. 
A modification in the electronics allowed stable operation 
of the instrument, as evidenced by the constancy of the 
tidal admittance during 1988, but an inadvertent change 
in March 1989 (marked by ß on the plot) partially re 
stored the pre-1987 configuration. (The instantaneous. 
gain change caused by this has been removed from the 
data.) This instrument measures dilatational strain aad 
since variations in atmospheric pressure produce co • 
sponding changes in dilatational strain in the near sur. 
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face rock, we can check for changes in instrumental gain 
by calculating the pressure admittance versus time. Fig- 
ure 3 shows the pressure admittance and M2 (Figure 3a) 
and O1 (3b) tidal amplitudes for SRL following the March 
1989 modification; a faulty pressure transducer was also 
replaced at that time. While we do not expect the admit- 
rance and tidal muplitude values to track precisely (the ef- 
fecQve bulk modulus of near surface material varies with, 
for example, ground water content), it is clear that start- 
ing at about the beginning of 1990 both the admittance 
values and the tidal amplitudes show similar and consis- 
tant decreases. We have used the pressure admittance val- 
ues to provide a gain correction for the tidal amplitudes 
and those corrected values are shown in Figure 2 with 
dashed lines and open circles. This correction results in 
rather constaaat values for the tidal amplitudes until about 
mid 1990 when there may have been a real decrease in 
the pressure admittance and thus the correction produces 
larger tidal amplitudes. The need for correcting these post 
1990 tidal values somewhat decreases the weight we can 
give to these values from SRL, but it appears that there 
were no significant changes in the post-seismic M2 and O 1 
tidal amplitudes at SRL, consistent with the lack of any 
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Pig. 3. Pressure admittance and tidal muplitudes at SRL 
following the March !989 electronic modification. M2 
pitudes shown in (a) and in (b). Pressure admi*- 
•nce is negative since an increase in atmospheric pressure 
produces contraction (negative strain) in the near surface 
rock. While the admittance undergoes real changes with 
time, it is clear that both tidal amplitudes and the 
mittances systematically decrease during 1990. This is 
attributed to a slowly decreasing effective gain of the in- 
strument during that period. 

change at SJT. (Remember also that these reservations 
do not apply to the pre- and co-seismic SRL data.) 

We do not detect any coseismic change in the strain 
tidal amphtudes (at the 2% level) and the tidal ampli- 
tudes following the earthquake are at the same levels as 
before it. Thus any changes in elastic parameters intro- 
duced as a resul• of rock fracturing during •he earthquake 
are also quite small or localized to a small volume. If we 
had reported a precursory effect without noticing any co- 
seismic change we may have questioned the validity of the 
result, although for this type of phenomenon the absence 
of the latter does not necessarily exclude the possibility 
of recording the former. 

Discussion 

The finite element modeling papers of Beaumont and 
Berger (1974) and Tanaka (1976) were written at a time 
when dilatancy was thought to be a wide scale precursory 
phenomenon. The modehng estimates by Beaumont and 
Berger of variations up 60% in strain tides were based on 
large dilatant zones in which the seismic compressional 
wave velocity was reduced by 15%. Such large effects are 
no longer considered likely but we can use our results to 
place upper constraints on precursory strain induced vari- 
ations in elastic properties of the seismogenic zone for the 
Loma Prieta earthquake. The modebrig in Beaumont and 
Berger indicates that our sites are favorably located for 
detection of any significan• variations in elastic proper- 
ties in the site region. If such changes occurred before 
the Loma Prieta earthquake, our monitoring sites would 
surely have been within about 30 km of such a zone and 
could have been as close as 10 km or 1• kin. Be•umont 

and Berger's work shows the latter situation would pro- 
vide near maximum sensitivity for detection and, even for 
a more remote source, our sites would be well placed to 
experience the resultant tidal amplitude changes. If such 
changes did take place, then changes in Young's modulus 
over any large (kms) spatial extent had to have been less 
than about 2%. The corresponding change in W• would 
be less than about !%, a limit lower than that which has 
been set from travel time residuals for local earthquakes 
(Steppe et al, 1977) or for teleseisrnic events (Robinson 
and Iyer, 197fi). The alternative possibilii,.v, which we can- 
not exclude, is •hat significant modulii changes occurred 
in a small preparation zone. This may remain an impor- 
tant issue in the mechanics of rupture, but appears to be 
academic in terms of precursor detection since we do not 
know the location of initiation of a future earthquake and, 
in many cases, cannot physically locate instruments very 
close to such a locaQon even if we did know where it would 
be. 

We conclude that there were no identifiable (greater 
than 2%) precursory changes in the solid earth •idal am- 
plitudes for •he Loma Prieta earthquake in the area about 
35 km to the south of •he epicenter. This result places a 
significant constraint on such precursory effects and also 
corrects an earher report of a positive result for this effect. 
Tha• preliminary work by Johnston and Linde (1990) was 
in error, principally because not all the effects of electronic 
modifications to the SRL instrument were recognized and 
removed from the data at that time. The results obtained 
here are consistent with a report by Gladwin et aI (1991) 
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in which they noted the constancy of the Earth tidal 
plitudes before the Loma Prieta earthquake. To the extent 
that our observations from these sites can be generalized, 
it now appears less likely that variations in Earth tidal 
amplitudes can serve as earthquake precursors. 

Acknowledgements. 
Doug Myren has provided valuable help in the opera- 

tion of the SRL station, and we appreciate very much the 
work of Kate Breckenridge in maintaining the data acqui- 
sition files. Duncart Agnew first noted the possibility that 
a site visit may have been overlooked in the preliminary 
work. We thank Y. Tamurn for supplying a copy of the 
BAYTAP(G) analysis program and for discussions on its 
use. MTG was supported in part by USGS Grant 14-08- 
0001-G1376; ATL was supported in part by a grant from 
the Bilateral Science and Technology Program, Depart- 
ment of Industry, Technology and Corranerce, Australia 
and in part by USGS Grant 14-08-0001-G2064. 

References 

Beaumont, B., and J. Berger, Earthquake prediction: 
modification of the Earth tide tilts and strains by dila- 
tancy, Royal Astron. Soc. Geophys. Your. 39, 111-121, 
1974. 

Gladwin, M. T., R. L. Gwyther, and R. Hart, Tidal cal- 
ibration of boreho!e vector strain instruments, Trans. 
Am. Geophys. Un., 66, 1057, 1985. 

Gladwin, M. T., R. L. Gwyther, R. Hart, M. F. Francis 
and M. J. S. johnston, Borehole tensor strain measure- 
ments in California, Your. Geophys. Res., 9•, 798!- 
7988, 1986. 

Gladwin, M. T., R. L. Gwyther, J. W. Higbie and R. Hart, 
A medium term precursor to the Loma Prieta earth- 
quake? Geophys. Res. Left., 18, 1377-1380, 1991. 

Ishiguro, M., T. Sato, Y. Tamurn, and M. Ooe, Tidal data 
analysis- an introduction to Baytap, Proc. Institute of 
Statistical Mathematics, 3œ, 71-85, 1984. 

Johnston, M. J. S., A. T. Linde, and M. T. Gladwin, 
Near field high resolution strain measurements prior to 
the October 18, 1989, Loma Prieta, Ms 7.1 earthquake, 
Geophys. Res. Left., 17, 1777-1780, 1990. 

johnston, M. j. S., and A. T. Linde, Possible change in 
Earth tidal response before the October 18, 1989, Loma 
Prieta Mr. 7.1 earthquake, Trans. Am. Geophys. Un., 
71, 1461, 1990. 

Karo, M., Observations of crustal movements by newly- 
designed horizontal pendulum and water-tube tilt- 
meters with electromagnetic transducers (2), Bull. 
Disas. Prey. Res. Inst. Kyoto Univ., œ9, 83-97, 1979. 

Mao, W. J., C. Ebblin, and M. Zadro, Evidence for varia- 
tions of mechanical properties in the Friuli seismic area, 
Tectonophysics, 170, 231-242, 1989. 

Mikumo, T., M. Karo, H. Doi, Y. Wada, T. Tanaka, 
R. Shichi, and A. Yamamoto, Possibility of temporal 
variations in Earth tidal strain amplitudes associated 
with major earthquakes,Earthquake Precursors: Pro- 
ceedings of the US-Japan Seminar on Theoretical and 
Experimental Investigations of Earthquake Precursors, 
eds. C. Kisslinger and Z. Suzuki, 123-136, Center for 
Academic Publications Japan, Tokyo, 1978. 

Nishimura, E., On Earth tides, Trans. Am. Geophys. 
Un., 31, 357-376, 1950. 

Robinson, R., and H. M. Iyer, Temporal and spatial vari- 
ations of travel-time residuals in central California for 

Novaya Zemlya events, Bull. Seis. Soc. Am., 66, 1733- 
1747, 1976. 

Sacks, I. S., S. Suyehiro, D. W. Everison, and Y. 
magishi, Sacks-Evertson strainmeter, its installation in 
Japan and some preliminary results concerning strain 
steps, Pap. Meteorok Geophys., œœ, 195-207, 1971. 

Silverman, 8., C. Mortensen, and M. J. S. Johnston, 
satellite-based digital data system for low-frequency 
geophysical data, Bull. $eis. Soc. Am., 79, 189-198, 
!989. 

Steppe, J. A., W. H. Bakun, and C. G. Bufe, Temporal 
stability of P-velocity anisotropy before earthquakes in 
central California, Bull. Seis. Soc. Am., 67, 1075-1090, 
1977. 

Tanaka, T., Effect of dilatancy on ocean load tides, Pur• 
Appl. Geophys., 11,i, 415-423, 1976. 

' M. T. Gi'dwn, Physics Department, University of 
Queensland, Queensland 4072, Australia. 

M. J. S. johnston, U.S. Geological Survey, 345 Mid- 
dlefield Rd, Menlo Park, CA 94025. 

A. T. Linde, Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 5241 Broad Branch 
Rd. NW, Washington DC 20015. 

(Received: August 19, 1991; 
revised: December 17, 1991; 

accepted: December 18, !99!.) 


